Gene expression during lytic infection with herpes simplex virus type 1 (HSV-1) progresses in a regulated cascade, beginning with the induction of immediate-early (IE) genes ICP0, ICP4, ICP22, ICP27, and ICP47 by the virion protein VP16 (4, 8, 29, 30) . Expression continues with early gene transcription, followed by DNA replication and subsequently the expression of late genes (29, 30) . The five IE proteins, except ICP47, act as the principal regulators for the efficient and coordinated expression of early and late genes. ICP4
Ϫ and ICP27 Ϫ mutants have demonstrated the necessity of these proteins for virus replication (14, 43, 56) . ICP0
Ϫ mutants show impaired growth and poor reactivation from latency (7, 11, 24, 57) . The mutant d109, deficient in all IE gene expression, does not express any viral proteins and is nontoxic to cells at very high multiplicities of infection (MOI) (58) .
HSV-1 mutants deficient in IE gene expression have been shown to induce the expression of interferon-stimulated genes (45, 50) . Interferons are proteins or glycoproteins secreted by various cells in response to viral infection or other stimuli. They have antiviral, cell regulatory, and immunomodulatory functions. In many instances, interferon can make cells resistant to infection (44, 46, 61, (64) (65) (66) . The cellular response to interferon, i.e., the induction of interferon-stimulated genes, often produces inhibitory antiviral effects at different stages of viral replication: entry and uncoating (simian virus 40), transcription (vesicular stomatitis virus), RNA stability (picornaviruses), initiation of translation (adenovirus), maturation, and assembly and release (retrovirus) (reviewed in references 61, 64, and 65).
Some interferon-stimulated genes can be induced by substances other than interferon, including heavy metals, lipopolysaccharide, glucocorticoids, interleukin-1, poly(rI)·poly(rC), double-stranded viral RNA, and adsorption of virus to the cell surface (5, 22, 32, 33, 48, 70, 71) . Genes induced by alpha/beta interferon or gamma interferon are often stimulated by viral infection and vice versa (15, 16, 69) . Interferon, doublestranded RNA, and viral infection induce different sets of interferon-stimulated genes by using distinct signaling pathways (3, 21, 25, 69, 72) . The inducible genes have a similar interferon-stimulated response element, but each interferonstimulated response element contains unique sequences which could allow differential responses depending on the signaling molecule induced (12, 70, 72) .
Interferon-stimulated gene expression has also been detected in cells infected with wild-type HSV-1 when treated with cycloheximide, but little to no interferon-stimulated gene induction was detected during wild-type virus infection (50, 54) . It has also been shown that virions must enter cells to induce the expression of interferon-stimulated genes (45) . Together, the existing data support the idea that some component of the virion or an event that occurs before viral gene expression results in the induction of interferon-stimulated genes through interferon response factor 3 (IRF-3) (54) and that wild-type virus must therefore express a gene product(s) that inhibits this response.
Many different viruses have evolved mechanisms to escape the antiviral response (reviewed in references 61, 64, and 65). HSV-1 has been shown to be very resistant to the cellular interferon response (40, 49) . It produces an inhibitor to the 2Ј,5Ј-oligoadenylate synthetase-nuclease (9) , and the ␥ 1 34.5 protein of HSV-1 stops the shutoff of protein synthesis by protein kinase R (26, 53) . However, treatment of some cell types with interferon before infection with HSV-1 has been shown to decrease the expression of IE genes in a dose-dependent manner (2, 34, 40, 44, 51, 52, 66) . It has also been shown that d120, which is defective for ICP4 and is restricted to the expression of IE genes (15), does not induce expression of the interferon response genes, suggesting that one of the other IE proteins may function to inhibit this response (45) . Interestingly, in the same study (45) , no mutant with a single mutation in any of the five IE genes induced the interferon-stimulated gene ISG54. However, previous studies have shown that pretreatment of cells with interferon severely reduces the plaqueforming ability of ICP0 mutants (46) .
In this study, we show that infection by the IE-deficient virus d109, which possesses functional VP16 in the virion, also results in the induction of interferon-stimulated genes and an antiviral state. As IE gene expression has been shown to inhibit the induction of interferon-stimulated genes, we used mutants defective in ICP4 and other sets of IE genes along with an ICP0-expressing adenovirus to identify potential IE gene products individually capable of inhibiting this response. It was established that the expression of ICP0 could inhibit the induction of interferon-stimulated genes and that the activity of the proteasome was involved. The results support a hypothesis that the interferon and antiviral responses induced by the virion are inhibited very early in infection by an activity of ICP0.
MATERIALS AND METHODS

Cells and viruses. Human embryonic lung (HEL) fibroblasts and Vero cells
were from the American Type Culture Collection (CCL-137). Monolayer cultures were maintained by standard cell culture procedures in Dulbecco's modified Eagle's medium with 10% fetal bovine serum as previously described (60) . The wild-type HSV-1 strain used for all experiments was KOS.
Earlier studies reported the construction and description of viruses d120 (15), d104, d105, d106, d107, and d109 (27, 28, 58) ; all are derived from HSV-1 (KOS). The virus RJ1 was constructed by crossing d106 and the virus TOZ. TOZ, like d106, is defective for ICP4, ICP27, ICP22, and, in addition, UL41 by virtue of a ␤-galactosidase gene (lacZ) inserted into the UL41 locus (35) . The ICP4 and ICP27 alleles in TOZ are the same as a previously published ICP4-, ICP27-, and ICP22-defective virus, d95 (74) .
Plaque isolates from the progeny of the cross were screened by Southern blot analysis for the incorporation of the UL41 allele from TOZ and the ICP22, ICP47 and thymidine kinase alleles from d107. All viruses were grown and titered on Vero-derived cells stably transfected with trans-complementing HSV-1 IE genes as described previously (59, 60) . Adenovirus mutants AdS. 10 
were constructed at GenVec Inc., Gaithersburg, Md. (28) .
Microarray analysis. For all of the following, confluent monolayers of HEL cells were infected with the indicated MOI of the HSV mutants. All AdS.10, AdS.11D, and Ads.11E4(ICP0) infections were carried out at 1,000 particles per cell. For comparisons to uninfected cells, HEL cells were simultaneously mock infected and incubated for the same time as the infected cell sample. Total RNA was isolated at the indicated time postinfection using Ultraspec RNA reagent (Biotexc) as per the manufacturer's protocols. Where appropriate, polyadenylated [poly (A) ϩ ] RNA was isolated as described previously (27, 28) . Poly(A) ϩ RNA was sent to Incyte Genomics for analysis on human UniGEM V arrays. The data from these experiments were analyzed using GEMtools software (Incyte Genomics). For experiments using arrays constructed in this study, RNA samples from the two conditions to be compared on each array were differentially labeled with indocarbocyanine (Cy3) and indodicarbocyanine (Cy5). In comparisons involving infected and uninfected cell RNA, mock-derived cDNA was labeled with Cy5, while infected-cell-derived cDNA was labeled with Cy3.
Two methods of labeling were employed. In one of the methods, total RNA from the two samples in a given comparison was reverse transcribed and subsequently differentially labeled following hybridization to the arrays with Cy3 and Cy5 using a Tyramide signal amplification kit (Perkin Elmer) following the manufacturer's protocol. Alternatively, Cy3 and Cy5 (Amersham) were also directly incorporated into cDNA reverse transcribed from poly(A) ϩ RNA of the two samples in a comparison prior to hybridization, as previously described (62) , with minor modifications. Three micrograms of poly(A) ϩ mRNA was reverse transcribed into Cy3-or Cy5-labeled cDNA using an oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Amersham) as the primer. After labeling, the probes were passed over a Centrisep column (Princeton Separations) to remove unincorporated nucleotides. For both methods, an Arabidopsis thaliana mRNA mix (Stratagene) was spiked into the labeling reaction in order to later normalize the data. The two methods yielded similar results.
cDNA probes were resuspended in ultrapure H 2 O (Gibco-BRL). The cDNA probe preparations were denatured prior to hybridization at 65°C for 2 min and then chilled on ice. The probes were suspended in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.2% sodium dodecyl sulfate (SDS) along with 0.5 g of pdA(12-18) (Amersham) and 0.5 g of tRNA per l. They were then dispensed onto a 20-mm by 20-mm array containing target sequences generated as described below and covered with a 22-mm by 22-mm hydrophobic cover slip (Grace Biolabs). Slides were hybridized in a hybridization cassette (Telechem) at 62°C overnight. Twenty-five microliters of 5ϫ SSC and 0.2% SDS was added to both wells in the hybridization cassette to maintain humidity. The posthybridization washes were done at room temperature as follows: 1ϫ SSC and 0.2% SDS for 5 min, two washes of 0.1ϫ SSC and 0.2% SDS for 5 min each, followed by two washes in 0.1ϫ SSC for 30 s each.
Following hybridization and washing, the slides were scanned by an Affymetrix 418 array scanner and quantified using Imagene 4.1 (Biodiscovery). Normalization and analysis were done using Genesight 2.0 (Biodiscovery) and Excel spreadsheets. Prior to inserting gene identifiers into the data, the raw data was processed in the following manner: irregular spots or spots with high background were eliminated, local backgrounds were determined and subtracted from the total signals, a lower limit for signal was established, replicate spots were averaged, the Cy3 and Cy5 signals were normalized using the spike controls, and differential expression ratios were established.
Microarray construction. All clones were obtained from a Resgen sequencevalidated human cDNA library (Research Genetics). Each clone to be incorporated on the array was amplified in a 96-well plate by adding 5 l of the corresponding transformed Escherichia coli to a 100-l PCR mixture along with 7.5 U of Yield Ace DNA polymerase (Stratagene), 1 M each of the universal forward and reverse primers, and 300 M each nucleotide. The universal forward and reverse primers were: forward, 5Ј-CTGCAAGGCGATTAAGTTGGGTA AC, and reverse, 5Ј-GTGAGCGGATAACAATTTCACACAGGAAACAGC. Primers were synthesized with a C6 amino modifier (Glen Research) for covalent attachment to the slides.
PCR was cycled as follows: 2 min at 92°C, followed by 10 cycles of 20 s at 95°C, 58°C for 20 s, and 72°C for 2.5 min. The 10 cycles were followed by 20 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 2.5 min (extension time increases by 10 s each cycle). A final extension of 7 min was done at 72°C. PCR products were purified using a 96-well purification kit (Telechem). The DNA concentrations of the purified amplified products were quantified using Picogreen (Molecular Probes) and determined to be in the range of 150 to 250 ng/l. All PCR products were also electrophoresed on 0.8% agarose gels to examine whether the amplified fragment length corresponds to the insert size as given in the Resgen library for each clone.
Arrays were printed on Superaldehyde slides (Telechem) using an Affymetrix 417 arrayer. Targets were printed in 0.5ϫ microspotting solution (Telechem) in replicates of 5 or 10 with spot spacing of 375 m and spot diameter of approximately 175 m. For quality control and normalization purposes, viral DNA, green fluorescent protein (GFP), and Spot Report 10 (Stratagene) were printed in addition to the genes of interest. Slides were processed as described (62) . In addition, the slides were UV cross-linked in a Stratalinker (Stratagene) before processing.
Northern blot analysis. Total RNA was isolated as described above, and 10 g of each sample was resolved by denaturing formaldehyde-agarose gel electrophoresis, transferred to nitrocellulose membranes, and probed as previously described (31) . Probe fragments were generated by PCR amplification of the appropriate human cDNA clone obtained from Incyte Genomics, Inc., or Research Genetics, Inc.
32 P-labeled probes were generated from purified PCR fragments by nick translation using [␣-
32 P]dCTP and [␣-32 P]dGTP. Western blot analysis. Total protein was isolated as described previously (58) . Proteins were resolved on SDS-acrylamide gels and transferred to polyvinylidene difluoride membranes, and Western blot analysis was performed as previously described (58) . Detection reagent used was the ECL Plus kit (Amersham Pharmaceuticals).
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RESULTS
The virus d109 has mutations in all five IE genes, and no viral gene expression is detectable following infection of cells in culture (58) . In previous studies using small-filter arrays to assess the effects of d109 infection on cellular gene expression, no significant changes were detectable (27) . In contrast, the virus d106 does not express ICP4, ICP27, ICP22, and ICP47 but overexpresses ICP0 relative to wild-type virus. This virus has been shown to significantly affect cell survival and the abundance of many cellular transcripts, as determined by expression array analysis (27, 28, 58) .
In preliminary experiments with Incyte Genomics microarrays, which have greater than 8,000 human genes, reproducible changes were not evident in d109-infected cells at MOI of 10 PFU/HEL cell or less (data not shown). However, at multiplicities of Ն10 PFU/cell, reproducible changes in cellular mRNA abundance were detected. The mRNAs for 35 of the ϳ8,000 genes on the array were reduced in abundance Ͼ2-fold, while 33 were increased in abundance Ͼ2-fold when the cells were infected at an MOI of 30 PFU/cell, which corresponds to approximately 300 particles/cell (data not shown).
The identities of the induced genes are given in Table 1 . These are similar to the genes reported by Mossman et al. (45) and Nicholl et al. (50) , and they represent some of the interferon-stimulated genes. Upon increasing the MOI of d109 to 50 PFU/cell, the abundance of 65 mRNAs was reduced Ͼ2-fold, while that of 148 was increased Ͼ2-fold. In addition to an increased number of differentially expressed genes, the interferon-stimulated genes that were differentially expressed at the lower MOI were differentially expressed to a greater extent at the higher MOI (data not shown).
Cellular gene expression in d106-infected HEL cells is perturbed to a far greater degree than in d109-infected cells (27, 28) . However, the genes that were induced by d109 were not significantly induced by d106 at 6 and 24 h postinfection ( Table  1) . The set of genes that were induced by d109 were not found to be induced in three other d106 determinations (data not shown). Furthermore, d105 and RJ1 infection also did not result in the induction of interferon-stimulated genes. d105 has the same viral background as d106 except that it does not have the gene for GFP inserted into the deleted ICP27 locus (28) . RJ1 has the same background as d106 except that it has a ␤-galactosidase gene insertion into the UL41 (vhs) locus. Therefore, neither GFP nor the action of UL41 is involved in the lack of interferon-stimulated gene expression in these backgrounds. Rather, it appears that the expression of ICP0, or simply expression from the viral genome, may inhibit the induction of the interferon-stimulated genes. In order to practically conduct more detailed analysis of the induction of interferon-stimulated genes by HSV, specialized expression arrays were constructed that contained a number of interferon-stimulated genes. A number of interferon-stimulated genes as well as genes that were found not to change with infection on the Incyte Genomics arrays were printed 10 times each on glass slides along with targets for internal spike controls. RNA from d109-infected HEL cells was analyzed using these arrays, and again, d109 was found to induce the expression of interferon-stimulated genes ( Table 2 ). The resulting pattern of induction on the custom arrays was similar to that seen with the Incyte Genomics arrays despite the fact that different clones representing these genes were used in the construction of the two arrays.
To confirm the induction of the most highly expressed interferon-stimulated genes by d109 infection and examine the induction of another gene (the promyelocytic leukemia [PML] gene) not included on the custom microarray, Northern blot analysis was performed (Fig. 1) . As with the custom arrays, d109 infection was found to highly induce expression of ISG54, ISG56, ISG15, and myxovirus resistance gene 1 (Mrx1). Additionally, d109 was also found to induce expression of PML. Infection with d106 did not significantly induce expression of any of these genes by Northern blot analysis.
From the previous experiments, it was clear that d109 induced the interferon-stimulated genes at high MOI. Previous studies documented the induction of ISG56, ISG54, myxovirus resistance gene 1, and ISG15 by IE-deficient viruses defective in VP16 activation function (45, 50) . However, both used viruses at an MOI of 5, which was insufficient to induce a response measurable by our array experiments. Therefore, we examined the induction of interferon-stimulated genes by d109 as a function of MOI by microarray analysis.
An increase in the abundance of the most highly induced interferon-stimulated genes became detectable at an MOI of 10 and more pronounced at an MOI of 30 ( Fig. 2A) . This on November 10, 2017 by guest http://jvi.asm.org/ analysis failed to detect reproducible differential expression of most interferon-stimulated genes during d109 infection at a lower MOI. Because small changes are often difficult to observe using microarray analysis, Northern blot analysis of HEL cells infected with d109 at MOI of 2.5, 5, 7.5, 10, and 30 was performed using a probe for the most highly expressed interferon-stimulated gene, ISG54 (Fig. 2B) . d109 induced low levels of ISG54 at an MOI of 5 and barely detectable levels at an MOI of 2.5. Similar to the microarray, the induction of ISG54 increased dramatically with multiplicities of infection greater than 10 PFU/cell. In contrast, the amount of GFP RNA increased significantly only between MOI of 2.5 and 5 and did not increase further with increasing MOI. It has been shown previously that the induction of interferon-stimulated genes in cells renders them refractory to wildtype virus plaque-forming ability (45) . Induction of interferonstimulated genes, however, does not always correlate with an effective antiviral response in cells. Thus, we examined the ability of different multiplicities of d109 to inhibit plaque formation of wild-type virus on HEL cells (Fig. 2C) . Inhibition of wild-type virus plaque-forming ability, like interferon-stimulated gene induction, increased with MOI. The inhibition of plaque-forming ability was modest at an MOI of 10 but became substantial at an MOI of 30 PFU/cell. There was no antiviral effect at lower MOI. Although it is not clear which interferonstimulated gene products are responsible for the protective antiviral response, inhibition of plaque-forming ability appears to require a substantial induction of the interferon-stimulated genes by d109.
The data in Table 1 suggest that the expression of ICP0 greatly reduced or eliminated the induction of interferon-stimulated genes. To examine this more closely, a number of IE deletion mutants were used to infect HEL cells, and 24 h later the cultures were harvested, and RNA was extracted and manipulated for array analysis. Arrays were used as targets for cDNA derived from the RNA of d120-, d107-, d106-, d104-, d109-, and mock-infected cells. d120 expresses all of the IE proteins except ICP4 (14) . d107 does not express ICP4 and ICP27 (58) . d106 does not express ICP4, ICP27, ICP22, and ICP47 (58). d104 does not express ICP4, ICP27, and ICP0 (58). d109 does not express any of the IE proteins (58) .
The induction ratios for the four most highly d109-induced interferon-stimulated genes are shown for each virus (Fig. 3) . The induction of these genes was evident for the viruses that do not express ICP0 (d104 and d109) and was low from the viruses that do express ICP0 (d120, d107, and d106). Therefore, consistent with the results in Table 1 , the results depicted in Fig. 3 also support the notion that expression of ICP0 inhibits the induction of interferon-stimulated genes.
The results of the previous experiment indicate that the expression of ICP0 may preclude the induction of interferonstimulated genes. However, all of the ICP0-expressing viruses used above overexpress ICP0 relative to wild-type virus. We have previously shown that an E1 Ϫ E3 Ϫ E4 Ϫ adenovirus vector expressing ICP0 from the E4 promoter expresses Ͻ0.1% of the amount of ICP0 expressed from d106, is nontoxic to cells, and does not greatly perturb cellular gene expression despite retaining the ability to disrupt ND10 and activate quiescent d109 (28) . Therefore, we also examined the ability of this virus to inhibit the d109 induction of the interferon-stimulated genes. HEL cells were infected with the indicated virus for 24 h and then processed for array analysis. Figure 4 shows four comparisons. The first (Fig. 4A) (Fig. 4B ). In the comparison of d106-infected to uninfected cells (Fig.  4C) , the only gene that was substantially differentially expressed in d106-infected cells was GFP (circled). GFP is expressed from the human cytomegalovirus promoter on the d106 genome. Consistent with the previous data, the set of genes differentially expressed in d109-infected cells corresponded to the interferon-stimulated genes (Fig. 4D) . The identities of the induced genes and the magnitudes of their induction are listed in Fig. 5 .
In a parallel set of infections, HEL cells were first infected with the E1
adenovirus at an MOI of 1,000 particles per cell and incubated for 24 h. The data in Fig. 4B demonstrate that no gene on the array is differentially expressed between these two infections. Both sets of adenovirus-infected cells were then infected with d109, and 24 h later RNA was isolated from both cultures,
FIG. 4. Comparative expression of interferon response genes by adenovirus and HSV mutants. The effect of infection by AdS.11D (E1
, and d109 on cellular gene expression was examined by microarray analysis. Total RNA was isolated from infected and mock-infected HEL cells at 24 h postinfection. RNA was labeled and analyzed as described in Materials and Methods. Log-log scale scatter plots of fluorescent intensity are shown, with relative fold increase or decrease represented by diagonal lines. Each spot represents a single gene. The circled spot represents the signal for GFP. which were used in a single comparison on the array depicted in Fig. 5 . The abundance of all interferon response genes induced greater than threefold by d109 in Fig. 4D was always greater in the d109-infected sample previously infected with the E1 Ϫ E3 Ϫ E4 Ϫ virus than in that infected with the E1 Ϫ E3 Ϫ E4 Ϫ ICP0 ϩ virus (Fig. 5) . Conversely, GFP RNA abundance was 500 times greater in the d109-infected sample that was previously infected with the E1 Ϫ E3 Ϫ E4 Ϫ ICP0 ϩ virus than in the d109-infected sample that was previously infected with the E1 Ϫ E3 Ϫ E4 Ϫ virus. Therefore, the prior expression of ICP0 from the adenovirus is sufficient to both activate gene expression from the d109 genome and inhibit or reduce the induction of the interferon-stimulated genes.
During infection, ICP0 may function by targeting specific cellular proteins for degradation through the proteasome-dependent degradation pathway (18, 20) . ICP0 itself has been shown to possess ubiquitin ligase activity (68). Everett and colleagues have also shown that some consequences of ICP0 function can be blocked by addition of the proteasome inhibitor MG132 (18) . Thus, if this pathway is also involved in the inhibition of induction of the interferon-stimulated genes, the addition of MG132 to cells undergoing infection in the presence of ICP0 should result in an increase in the abundance of interferon-stimulated gene products.
Where indicated, HEL cells were treated with 5 M MG132 for 30 min prior to being mock infected or infected with d106 or d109. MG132 treatment was continued until RNA or protein was harvested at the indicated time postinfection. The addition of MG132 resulted in elevated levels of ISG54 mRNA in d106-infected cells (Fig. 6A) , despite the presence of ICP0 (Fig. 6B) . ISG54 was not induced in MG132-treated mockinfected cells. As before, d109-infected cells showed induction of ISG54, which was slightly lower in the MG132-treated cells (Fig. 6A) . MG132 treatment also resulted in slightly decreased GFP expression from the human cytomegalovirus promoter in the d106 genome, but stimulated expression in d109-infected cells (Fig. 6B) . Interestingly, ICP6 (UL39) expression, which was dramatically lower in MG132-treated d106-infected cells, was also stimulated in d109-infected cells by the addition of MG132 (Fig. 6D) .
The effect of virus input on the levels of ISG54 accumulation in MG132-treated d106-infected cells was also examined. ISG54 was induced in MG132-treated d106-infected cells as a function of input MOI (Fig. 6C) . Untreated d106-infected cells showed a very low level of ISG54 induction at both 6 and 11 h. At the 11-but not the 6-h time point, the induction was greatly increased in MG132-treated d106-infected cells. This suggests that the amount of ISG54 RNA at early times postinfection may result from an induction event that occurs prior to the accumulation of sufficient ICP0 to inhibit further induction.
Lastly, microarray experiments were conducted to obtain a more general view of the effects of MG132 on the levels of interferon-stimulated genes in d109-and d106-infected cells (Fig. 6D) . RNA from MG132-treated d106-infected cells was compared to RNA from untreated d106-infected cells on the same chip. The same type of comparison was conducted for d109-and mock-infected cells. Shown are the data for the interferon-stimulated genes induced fivefold or greater in d109-infected cells relative to uninfected cells. The arrays also contained DNA encoding parts of the genes for GFP and ICP6 (UL39), which are abundantly expressed in d106-infected cells and poorly expressed in d109-infected cells (58) . Four genes, including ISG54, were induced by a factor of threefold or greater in MG132-treated d106-infected cells relative to un- 
At 24 h postinfection, the cells were superinfected with d109. Total RNA was isolated 24 h later, and microarray analysis was performed as in Fig. 4 . A log-log scale scatter plot shows the relative expression of the interferon response genes in d109-infected cells that were previously infected with the E1 treated d106-infected cells. MG132 did not affect the expression of these genes in uninfected cells. Therefore, these genes were induced as a function of infection upon inhibition of the proteasome, in the presence of ICP0. A number of d109-induced genes were not induced in MG132-treated d106-infected cells. Interestingly, the abundance of a number of these RNAs was reduced in MG132-treated d109-infected cells relative to that in untreated d109-infected cells. It is possible that the global effects of inhibiting the proteasome may result in the altered abundance of genespecific transcription factors that function in the expression of specific interferon-stimulated genes.
DISCUSSION
d109 induced interferon-stimulated genes very similar to other non-IE-expressing mutants, including in1312, used by Nicholl et al., and KM110, used by Mossman et al. (45, 50) . Interferon-stimulated gene expression increased with increasing MOI, abruptly becoming more abundant when the MOI exceeded 10 PFU/cell. Interestingly, the plaquing of wild-type virus on d109-infected cells was only significantly inhibited when the MOI of d109 used to establish the antiviral state exceeded 10 PFU/cell. The quantitative differences between this and previous studies (45, 50) may simply be a function of different PFU/particle ratios. Perhaps this cellular response functions to attenuate robust acute infections in vivo and has less influence on low-level and/or latent infections. Alternatively, the cellular response to infection with respect to interferon-stimulated gene induction may differ from cell type to cell type (54) .
In previous work, no HSV-1 mutants expressing ICP4 or ICP0 were found to significantly induce expression of interferon-stimulated genes unless inactivated by UV or treated with cycloheximide (45, 50) . From Mossman et al. and our microarray data, it is clear that an ICP4-defective virus, d120, cannot induce interferon-stimulated genes (Fig. 3) . However, we found that ICP4 Ϫ mutants that express ICP0, regardless of other IE genes not expressed, also did not significantly induce interferon-stimulated genes. The small amount of interferonstimulated gene induction seen in d106-infected cells could be that accumulating prior to the accumulation of sufficient ICP0 to inhibit further induction. The only mutant besides d109 found to robustly induce interferon-stimulated genes was d104, which does not express ICP0 but does express ICP22 and ICP47. Consistent with these results, an adenovirus expressing very low levels of ICP0 also inhibited the induction of interferon-stimulated genes by d109. Together, these results suggest that the expression of ICP0 can inhibit the induction of the interferon-stimulated genes by the HSV virion.
ICP0 has been shown to possess ubiquitin ligase activity (68) , and some consequences of ICP0 expression have also been shown to be inhibited by inhibition of the proteasome (18) . Therefore, as suggested by Everett (17) , ICP0 may function by altering the abundance of specific cellular proteins. We have shown that the expression of ICP0 and the function of the proteasome are required for the inhibition of interferon-stimulated gene induction. Given these observations, some possible cellular targets emerge.
Recently, the activation of IRF-3 in HSV-1-infected cells treated with cycloheximide has been reported (54) . Activated IRF-3 is a component of both double-stranded RNA-activated factor 1 (DRAF1) and virus-activated factor (VAF) along with CBP/p300 (72, 73) . DRAF1 and VAF act to transactivate interferon-stimulated gene expression by binding to interferonstimulated response element sequences (6, 13, 23) . While it is constitutively expressed and mostly cytoplasmic, IRF-3 is not activated until it is phosphorylated and retained in the nucleus by CBP/p300 (36, 39) . Further, phosphorylation is a signal for its degradation by the ubiquitin-proteasome pathway (39, 55) . IRF-3 activation and nuclear retention is a complicated process that has not been completely elucidated. Thus, it is not clear whether ICP0 could act to increase the degradation rate of activated IRF-3, target another protein involved in the pathway leading to activation of IRF-3, DRAF1, or VAF, or lead to the degradation of a protein wholly unrelated to the IRF-3 pathway.
The interferon response gene PML is involved in regulating gene expression (1, 38, 47, 63, 67) and has also been found to be an interferon-stimulated gene (37) . Chelbi-Alix et al. found that with greater PML expression, vesicular stomatitis virus and influenza A virus multiplication could be inhibited up to 100-fold (10) . Interestingly, d109 induced the expression of PML (Fig. 3) . Deletion of a specific region of PML both altered the punctate localization of PML onto nuclear bodies and eradicated the antiviral properties (10) . ICP0 has been shown to alter PML localization in nuclear bodies as a function of active proteasomes (18, 19, 41, 42) , and the small amounts of ICP0 from E1 Ϫ E3 Ϫ E4 Ϫ ICP0 ϩ are still able to disrupt ND10 nuclear bodies containing PML protein while promoting viral gene expression (28) . Furthermore, while interferon was shown to decrease the expression of IE genes in a dose-dependent manner (2, 34, 40, 44, 51, 52) , this decrease was found to correlate with a decrease in the amount of PML disruption by HSV-1 (66) . If the destruction of PML by ICP0 is involved in the mechanism preventing interferon-stimulated gene induc- tion, it most likely happens very rapidly in wild-type infection, as the amount of ICP0 necessary to disrupt ND10 is synthesized within the first hour of infection (28) . Cellular interferon responses and antiviral pathways vary greatly between cell types and inducers and use multiple signaling pathways. In addition, the actions of many interferonstimulated genes remain undercharacterized, and the counteracting viral mechanisms are difficult to characterize. Two of the most studied antiviral pathways, involving the interferon-stimulated genes double-stranded RNA-dependent protein kinase and the 2Ј,5Ј-oligoadenylate synthetase, are both inhibited by HSV-1 (9, 26, 53) . It is clear that HSV can also inhibit the induction of interferon-stimulated genes by the virion, and it has been postulated that multiple HSV gene products may be sufficient for this activity (45, 50) . Our studies strongly suggest that one such gene product is ICP0. Therefore, ICP0 expressed very early in infection may simultaneously stimulate viral gene expression and contribute to the inhibition of interferon-stimulated gene induction, thus promoting lytic infection. The ability of ICP0 to inhibit the induction of interferon-stimulated genes requires functional proteasomes, and the specific cellular target(s) of ICP0 action remains to be determined.
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